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I.  INTRODUCTION 


The  anisotropy  of  the  MoS2  crystal  lattice  is  due  to  its  layered,  two- 
dimensional  structure.  Cleavage  between  layers  produces  a  highly  inert 
surface,  while  cutting  along  an  edge  plane  causes  the  formation  of  dangling 
bonds  that  are  considerably  more  reactive.  Thus,  the  catalytic  activity  of 
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MoS2  has  been  ascribed  mainly  to  adsorption  on  edge  planes,  ’  whereas  the 
excellent  lubricating  properties  of  MoS2  have  been  attributed  to  the  basal 
plane  stability. ^ 

The  effects  of  noble-gas-ion  bombardment  on  the  basal  plane  of  MoS2 

single  crystals  have  been  studied  for  over  15  years,  with  the  goal  of 

determining  whether  defects  could  be  produced  in  the  highly  unreactive  basal 
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plane  surface  so  that  its  catalytic  activity  might  be  increased.  Such 
studies  also  have  implications  for  improved  solid  lubricant  performance,  since 
ion  bombardment  (IB)  might  also  be  used  to  determine  whether  the  reactivity  of 
MoS2  toward  various  metals  could  be  increased  with  a  corresponding  increase  in 
adhesion . 

Despite  the  numerous  studies,  there  is  still  extensive  controversy  about 
the  effect  of  IB  on  the  MoS2  basal  plane  surface.  Feng  and  Chen  used  Auger 
electron  spectroscopy  (AES)  to  characterize  the  effect  of  300  eV  Ar+  ions  on 

c. 

the  basal  plane  surface.  After  IB,  the  ratio  of  the  S  to  Mo  Auger  signal 
decreased  by  a  factor  of  -  5.  They  used  this  result,  in  addition  to  Auger 
peak  shape  analysis,  to  show  that  sulfur  had  been  preferentially  sputtered, 
and  that  islands  of  molybdenum  metal  had  formed  on  the  surface.  They 
attributed  the  increase  in  chemisorption  after  IB,  observed  by  Williams  et 

ii 

al . ,  to  the  high  reactivity  of  Mo  metal. 

In  contrast,  Davis  and  Carver  reported  that  bombardment  with  1  keV  Ne+ 
ions  produced  no  detectable  metallic  Mo.  Using  x-ray  photoelectron  spectros¬ 
copy  (XPS)  and  ion  scattering  spectroscopy,  they  argued  that  the  reduction  in 

the  S/Mo  ratio  was  due  mostly  to  the  creation  of  sulfur  surface  vacancies, 

1  3  _  p 

even  for  ion  doses  of  -  '  «  10  cm  .  The  only  effect  of  ion  bombardment  on 
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the  XPS  spectra  was  to  broaden  the  Mo  peak  slightly.  There  were  no  apparent 
Mo  or  S  peak  shifts. ^ 

Matsunaga  et  al .  have  investigated  the  vapor  adsorption  and  IB  of  MoS2 
edge  and  basal  surfaces.1  Their  AES  peak  ratios  implied  that  the  basal  plane 
surface  was  initially  "enriched"  (as  compared  to  the  bulk)  with  sulfur. 

After  IB  with  5  keV  Ar+  ions,  they  observed  a  drop  in  the  AES  S/Mo  ratio  (by 
a  factor  of  2) ,  which  they  interpreted  to  result  from  removal  of  an  excess 
surface  sulfur  layer  so  that  the  new  surface  represented  the  bulk 
stoichiometry. 

Clearly,  the  above  studies  lack  consensus  on  the  effect  of  IB  on  the 
basal  plane  surface  of  MoS2.  This  report  presents  new  ion-bombardment 
results,  which  will  be  compared  with  those  of  the  previous  studies  and 
discussed  in  light  of  recent  theories  of  IB  effects  and  sputtering  mechanisms 
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II.  EXPERIMENTAL  SECTION 
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Clean  basal  plane  surfaces  were  produced  by  cleaving  natural  molybdenite 

crystals  in  a  N2_filled  glove  bag  and  then  transferring  them  to  the  XPS  sample 

chamber  without  exposure  to  atmosphere.  The  sample  chamber  was  pumped  to  a 
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base  pressure  of  -  3  *  10  °  torr  by  both  turbomoleculai —  and  cryo-pumping . 

The  samples  were  analyzed  either  immediately  or  after  being  subjected  to  IB 
from  a  GCA/McPherson  model  36-K  ion  gun.  Prior  to  IB,  the  highly  unreactive 
basal  plane  surface  remained  clean  at  this  pressure.  Even  in  preliminary 
experiments,  when  the  sample  was  cleaved  in  air,  little  oxygen  (<0.02 
monolayer)  was  detected  after  pumpdown,  and  shifts  in  the  Mo  and  S  XPS  peaks 
after  IB  were  similar  to  those  for  Np-cleaved  samples.  Ar+  ions  were  used 
with  an  energy  of  10  keV  and  a  current  density  of  -  20  pA  cm  .  Bombardment 
time  was  M0  s;  therefore,  total  exposure  was  -  5  *  1 0  J  cm  .  Dependence  on 
ion  dose  was  not  explicitly  investigated,  although  preliminary  results  on 
higner  doses  showed  effects  similar  to  those  reported  here.  XPS  was  performed 


with  a  GCA/McPherson  ESCA-36  system  with  a  hemispherical  analyzer  modified  to 
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include  optical  multichannel  detection.  The  XPS  analysis  was  completed 
<  10  min  after  13.  Excitation  was  by  the  Mg-Ka  line,  and  all  spectra  were 
referenced  to  the  adventitious  carbon  peak  set  arbitrarily  to  285.0  eV  from  a 
small  amount  of  carbon  (probably  graphitic)  that  was  present  as  an  impurity  in 
the  natural  molybdenite  crystals.  On  different  samples,  this  carbon  peak 
shifted  in  a  random  manner  after  IB,  and  the  shifts  were  considerably  smaller 
than  for  those  of  molybdenum  and  sulfur.  There  was  also  no  evidence  of 
chemical  alteration  of  the  small  amount  (<  0.2  monolayer)  of  carbon,  so  the 
use  of  carbon  as  a  reference  was  deemed  appropriate.  (There  was  shifting  of 
some  of  the  carbon  peaks  to  higher  binding  energy  after  deposition  of  metals 
on  the  clean  M0S2  basal  plane  surface;  the  shifting  of  the  carbon  peak, 
however,  was  not  always  correlated  with  metal  electronegativity,  whereas  the 
shifting  of  the  corrected  Mo  and  S  peaks  was  highly  consistent  with  metal 
electronegativity.  The  relation  between  peak  shifting  and  metal  electro¬ 
negativity  will  r>e  discussed  in  more  detail  in  Ref.  9.)  No  impurity,  other 
than  carbon,  was  detected  by  XPS. 


'■  ■*-< •'»  V-  Jim V-.v. 


Because  of  possible  broadening  of  the  peaks  during  the  experiment,  and 
for  ease  of  analysis,  changes  in  the  S/Mo  ratio  were  calculated  using  a 
product  of  the  full  width  at  half-maximum  of  the  peak  and  peak  height  (a 
"pseudo-area")  rather  than  by  the  peak  height  only.  This  pseudo-area  is  used 
solely  for  elucidation  of  stoichiometry  changes ,  rather  than  absolute 
stoichiometry . 


III.  RESULTS 


XPS  spectra  of  a  cleaved  M0S2  surface,  both  before  and  after  Ar+  IB,  are 

shown  in  Fig.  1,  and  are  representati ve  of  9  pairs  of  Mo/S  spectra  of  cleaved 
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surfaces  and  20  pairs  of  spectra  of  bombarded  surfaces  (all  at  -  5  *  1 0  cm 
that  were  analyzed  in  this  study.  These  spectra  qualitatively  match  previous 

Q 

spectra  of  M0S2.  The  Mo  3d  peaks  of  the  cleaved  and  ion-bombarded  surfaces 
are  shown  in  Fig.  la.  For  the  cleaved  surface,  the  3d^/2  and  3d5/2  Peaks  are 
virtually  resolved,  whereas  for  the  bombarded  surfaces,  those  peaks  overlap. 
This  is  shown  in  Table  I  to  be  due  primarily  to  an  increase  in  peak  width. 

The  corresponding  S  2p  spectra  are  shown  in  Fig.  1b.  For  the  cleaved  surface, 
the  2p-|/2  peak  appears  as  a  distinct  shoulder  on  the  left  side  of  the  2p?/2 
peak.  After  IB,  however,  the  peaks  also  broaden  and  the  S  2p  doublet  appears 
as  a  single  asymmetric  peak. 

The  broadening  in  both  the  Mo  and  S  spectra  after  IB  is  not  surprising, 
because  IB  of  a  solid  causes  defect  formation,  surface  enrichment  of  a  bulk 
component,  or  ion  beam  mixing,  and,  consequently,  a  loss  of  symmetry  in  the 
crystal  lattice.  Such  a  loss  affects  the  local  electronic  environment  of  each 
atomic  type  in  the  lattice  differently,  and  a  greater  binding-energy  (BE) 
width  is  detected  for  each  element.  The  bombardment  also  produces  a  drop 
of  -  15$  in  the  S/Mo  peak  area  ratio  (see  Table  I),  indicating  that  there  has 
been  preferential  sputtering  of  the  sulfur. 

The  most  striking  effect  of  ion  bombardment  is  that  both  the  Mo  and  S  BEs 
shift  downward  by  -  0.85  eV  and  -  0.73  eV,  respectively.  These  shifts  cannot 
be  explained  by  gross  chemical  changes  in  the  surface  region.  Partial 
conversion  of  the  Mo(IV)  (in  M0S2)  to  metallic  Mo  would  give  rise  to  two 
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Mo  3d^/2  peaks:  the  Mo(0)  peak  would  appear  -  1.2  eV  below  the  Mo(IV)  peak. 
However,  only  a  single,  slightly  broadened  Mo  38^/2  Peak  is  seen  after  IB. 

This  might  result  from  complete  conversion  of  Mo(IV)  to  Mo(0)  within  the  depth 
range  of  the  detected  photoeiectrons  (-30  A).  But  complete  conversion  does 
not  occur:  Only  a  small  loss  of  sulfur  ( < 1 0% )  was  detected  by  XPS,  and  the  Mo 
would  exist  in  the  elemental  state  only  if  no  sulfur  were  present.  Similarly, 
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S  2p 


BINDING  ENERGY  (eV) 

Figure  1 .  Examples  of  x-ray  photoelectron  spectra  of  the  MoS2  basal  plane 

surface:  (a)  Mo  3d  doublet  before  and  after  argon-ion  bombardment; 

(b)  S  2p  doublet  before  and  after  argon-ion  bombardment.  All  peaks 
were  referenced  to  carbon  at  285.0  eV.  These  spectra  are  repre¬ 
sentative  of  the  many  spectra  taken  in  this  study. 
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Table  I.  Changes  in  the  S  and  Mo  XPS  Peaks  as  a 
Result  of  Argon-Ion  Bombardment 


Cleaved  surface 

After 

ion  bombardment 

Change 

S/Mo  ("pseudo¬ 

1.04  ±  0.07 

0.88  ±  0.05 

-15* 

area"  ratio) 

Mo  3d5/2  BEa 

230.22  ±  0.06 

229.37  ±  0.31 

-0.85 

S  2p3/2  BEa 

163.26  ±  0.05 

162.53  ±  0.23 

-0.73 

Mo  3d5/2 

0.90  t  0.03 

1  .24  ±  0.06 

+38* 

widthb 

S  2p3^2 

1  .67  ±  0.03 

2.04  ±  0.10 

+22* 

widthb 

aAll  binding  energies  are  in  eV,  including  Mo  and  S  BE  changes. 

bAll  pea-;  widths  are  in  eV  and  are  measured  as  full  widths  at  half- 
maximum  ^changes  are  in  *). 


there  is  no  a  priori  way  of  explaining  the  shift  of  the  S  2p  peak  to  lower  BE, 
since  that  would  imply  reduction  of  sulfur,  which  is  unlikely  because  sulfur 
cannot  be  reduced  any  further  than  an  oxidation  state  of  -2. 


IV.  DISCUSSION 


Our  observations  can  be  explained  when  correlated  with  previous  results 
on  the  interaction  of  metals  with  the  MoS2  basal  plane  surface.  Recently  an 
XPS  study  of  the  interaction  of  small  amounts  of  metals  ( <20  A)  with  cleaved 
MoS2  basal  plane  surfaces  was  conducted  in  our  laboratory. ^  Most  of  the 
metals  tested  did  not  exhibit  detectable  chemical  reactivity  with  the  MoS2 
basal  plane.  Instead,  the  interaction  was  simply  electrostatic,  i.e.,  caused 
by  the  differences  in  electronegati vity/work  function  between  the  metal  and  the 
semiconductor.  Such  an  electrostatic  interaction  results  in  "band-bending"  as 
described  by  McGovern  et  al.,10  whereby  electrons  flow  across  the  metal- 
semiconductor  interface  to  equalize  the  Fermi  level  of  the  system,  creating  a 
Schottky  barrier.  This  behavior  is  summarized  in  Figs.  2a  and  2b,  where  the 
Mo  3d  and  S  2p  BE  shifts  are  shown  to  correlate  linearly  with  the  electro¬ 
negativity  of  the  deposited  metallic  elements. 

When  the  mean  Mo  3d  and  S  2p  BEs  for  the  ion-bombarded  basal  plane 
surface  are  plotted  on  Figs.  2a  and  2b,  respectively,  the  result  is 
striking.  In  both  figures  the  point  on  the  curve  that  corresponds  to  the  BEs 
of  Mo  and  S  after  ion  bombardment  also  appears  to  correspond  closely  to  the 
Pauling  electronegativity  of  Mo  metal  (=2. 16) 11  to  within  experimental  er^or. 
Bombardment  with  10  keV  Ar+  ions,  therefore,  produces  a  situation  that  is 
similar  to  the  deposition  of  Mo  metal  on  an  undisturbed  MoS2  basal  plane 
surface.  The  Mo  metal  is  probably  in  the  form  of  small  islands  on  the  sur¬ 
face,  since  small  amounts  of  deposited  metals  tend  to  form  disconnected 
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islands  on  the  MoS2  basal  plane  rather  than  forming  a  continuous  layer. 

Since  the  Mo  islands  probably  cover  very  little  of  the  MoS2  surface,  the 
metallic  Mo(0)  3d  peak  may  not  be  intense  enough  to  be  observed.  Although 
there  is  little  direct  evidence  of  a  Mo(0)  3d  peak  in  the  XPS  spectra,  the 
effect  of  this  metallic  Mo  on  the  BEs  of  the  Mo(IV)  3d  and  S  2p  peaks  is 
dramat i c . 

It  might  be  argued  that  the  binding-energy  shifts  are  caused  by  the 
appearance  of  defects  at  the  surface  that  pin  the  Fermi  level  at  the  top  of 
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Figure  2.  Plots  showing  the  relationship  between  the  XPS  binding  energy  and 
tne  Pauling  electronegativity  of  various  metals  deposited  on  the 
MoS2  basal  plane  surface  for  (a)  the  Mo  3d5/2  peaks  and  (b)  tne 
S  2p^/2  peaks.  The  shaded  regions  represent  the  approximate 
uncertainty  in  the  least-3quares  fit  to  the  metal-MoS2  data.  The 
binding  energy  for  the  freshly  cleaved  surface  is  shown  on  the 
ordinate.  The  XPS  binding  energy  of  the  ion-bombarded  surface  is 
represented  as  a  line  drawn  from  the  ordinate  to  the  curve  in  both 
(a)  and  (b),  and  the  range  of  electronegativities  that  correlate 
with  this  binding  energy  is  shown  on  the  abscissa.  The  electro¬ 
negativity  of  Mo  is  marked  on  the  abscissa,  and  is  shown  to  lie 
within  this  range  in  both  (a)  and  (b),  suggesting  the  formation  of 
Mo  metal  islands  on  the  MoS2  surface.  [Note:  In  (a),  it  is 
coincidental  that  the  after-IB  binding-energy  line  passes  through 
the  points  for  both  Fe  and  Rh.] 
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the  M0S2  valence  band.  This  is  not  the  case,  however,  since  Davis  and  Carver5 
showed  that  when  defect  formation  occurred  without  Mo  metal  formation,  there 
was  no  apparent  change  in  either  the  Mo  or  S  BEs  when  bombarding  with  Ne+. 

In  a  recent  study  by  Kamaratos  and  Papageorgopoulos ,  a  work  function  (WF) 
lowering  of  -1.0  eV  resulted  when  Fe  was  deposited  (past  a  certain 
threshold)  on  the  M0S2  basal  plane.1 ^  They  attributed  the  lowering  to 
formation  of  metallic  Mo  islands  at  the  surface.  However,  that  change 
is  -  0.5  eV  greater  than  what  would  be  expected  from  the  differences  in  the 
WFs  of  Mo  and  M0S2  (4.3  and  4.8  eV,  respectively),  a  discrepancy  they  ascribed 
to  the  termination  of  the  basal  plane  with  sulfur  atoms:  The  interaction  of 
this  electronegative  sulfur  layer  with  the  Mo  metal  results  in  a  surface 
dipole  moment  that  causes  the  additional  WF  lowering.  Similar  results  between 
their  study  and  this  one  are  not  surprising,  since  the  WF  and  the  elect^o- 

1  4 

negativity  are  known  to  be  at  least  semiquanti tati vely  related.  Although 
they  have  qualitatively  explained  the  presence  of  Mo  metal  with  WF  arguments, 
our  determination  based  on  electronegativity  gives  a  more  quantitative 
correlation. 

We  can  now  correlate  the  above-described  results  on  the  ion  bombardment 
of  the  M0S2  basal  plane  with  those  of  the  present  study.  The  conclusion  of 
Matsunaga  et  al.,  that  an  enriched  sulfur  surface  is  remove'!  during  13, 
uncovering  the  stoichiometric  bulk  underneath,  is  probably  incorrect.  The-e 
is  no  reason  to  assume  that  a  random  cleave  through  the  crystal  produces  a 
surface  region  with  an  excess  of  sulfur,  since  decomposition  of  the  highly 
stable  M0S2  and  mass  flow  of  sulfur  to  the  surface  region  would  have  t-  be 
involved.  Their  initially  high  Auger  S/Mo  ratio  resulted  from  the  fact  that 
the  M0S2  basal  plane  surface  is  always  terminated  by  a  single  atomic  1  aye"  of 
sulfur.  Because  of  the  small  escape  depth  of  Auger  electrons,  a  highe"  tr.an 
stoichiometric  S/Mo  ratio  is  detected.  After  IB,  the  drop  in  the  S/Mo  ratio 
is  probably  caused  by  Mo  metal  forming  on  the  surface. 

Our  observations  appear  to  agree  with  the  study  by  Feng  and  Chen  ( FC ) , " 
but  appear  to  disagree  with  the  results  of  Davis  and  Carver  (DC).^  However, 
the  three  studies  used  different  parameters,  so  this  apparent  contradiction 
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does  not  nullify  the  results  of  DC.  Ion  beam  energy  does  not  appear  to 
explain  the  results  since  DC  used  an  ion  energy  (1  keV)  that  was  intermediate 
between  that  of  FC  (300  eV)  and  the  present  study  (10  keV).  Similarly,  total 
ion  dosage  does  not  explain  the  results  since  FC  used  a  higher  dosage 
(101?  cm-2,  or  -20  ions/surface  site)  than  the  present  3tudy  (-  5  *  lO1^  cm-2), 
and  DC  reported  no  metal  formation  as  they  varied  the  dosage  over  three  orders 
of  magnitude  (lO^-IO1®  cm-2). 

The  parameter  that  seems  to  correlate  well  with  the  observed  results  is 
the  ion  mass  of  the  projectile.  In  both  FC  and  the  present  study,  A r+  ions 
were  used;  DC  used  the  lighter  Ne+  ions.  This  observation  can  be  correlated 
with  recent  theories  on  surface  compositional  changes  of  binary  solids  during 
ion  bombardment . 1 1 ^ 

Sulfur  vacancies  were  produced  in  the  study  by  Davis  and  Carver  because 
of  the  relatively  light  mass  of  the  Ne+  ion,  which  preferentially  removed  the 
lighter  sulfur  atoms  over  the  molybdenum.  Ion  bombardment  with  the  heavier 
Ar+  ion,  however,  results  in  a  higher-energy  accommodation  (energy  transfer) 

i  7 

by  the  lattice  atoms.  For  a  binary  compound  in  which  one  element  is  con¬ 
siderably  more  volatile  than  the  other,  this  higher-energy  accommodation  can 
cause  high  local  temperatures  to  be  generated  during  the  collision  cascade, 
inducing  thermal  sputtering  of  the  element  with  the  higher  vapor  pressure. 

For  Ar+  on  MoS2,  Mo  and  S  having  considerably  different  volatilities,  gaseous 
sulfur  is  probably  generated  locally  and  leaves  behind  Mo-rich  areas  that 
nucleate  into  islands.  It  is  coincidental,  however,  that  the  element  with  the 
higher  volatility,  sulfur,  also  has  the  lighter  mass,  and  thus  is  sputtered 
preferentially  in  all  studies  mentioned,  albeit  by  different  mechanisms. 

Preliminary  experiments  involving  Auger  peak  shape  analysis  before  and 
after  ion  bombardment  have  confirmed  the  results  of  Davis  and  Carver.  IB  with 
1  keV  Ne*  did  not  appear  to  change  the  shape  of  the  Mo  Auger  peak  as  was 
observed  by  Feng  and  Chen  for  300  eV  A r+.  Interestingly,  higher-energy  IB 
(-  5  keV  Ne+)  did  cause  the  Mo  peak  shape  to  appear  similar  to  that  for  Mo 
metal.  Therefore,  it  appears  that  there  is  an  energy  threshold  for  Mo  metal 
formation,  in  addition  to  the  ion  mass  effect  mentioned  above. 
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There  are  issues  in  the  study  of  noble-gas-ion  bombardment  of  MoS2  basal 
plane  surfaces  that  must  still  be  resolved.  The  apparent  nondegradation  of  the 
surface  region  (other  than  Mo  island  production)  must  be  explored.  Also,  more 
results  are  needed  to  confirm  the  effect  of  ion  mass,  energy,  and  dosage  so 
that  a  cohesive  theory  on  the  mechanism  of  ion  bombardment  of  MoS2  surfaces 
can  be  developed  and,  in  turn,  one  of  ion  bombardment  of  solids  in  general. 
These  studies  are  continuing  and  will  be  published  at  a  later  time. 
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LABORATORY  OPERATIONS 


The  Aerospace  Corporation  functions  as  an  'archi tect -eng ineer”  for 
national  security  projects,  specializing  in  advanced  military  space  systems. 
Providing  research  support,  the  corporation's  Laboratory  Operations  conducts 
experimental  and  theoretical  Investigations  that  focus  on  the  application  of 
scientific  and  technical  advances  to  such  systems.  Vital  to  the  success  of 
these  investigations  is  the  technical  staff's  wide-ranging  expertise  and  its 
ability  to  stay  current  with  new  developments.  This  expertise  is  enhanced  by 
a  research  program  aimed  at  dealing  with  the  many  problems  associated  with 
rapidly  evolving  space  systems.  Contributing  their  capabilities  to  the 
research  effort  are  these  individual  laboratories: 

Aerophvsics  Laboratory:  Launch  vehicle  and  reentry  fluid  mechanics,  heat 
transfer  and  flight  dynamics;  chemical  and  electric  propulsion,  propellant 
chemistry,  chemical  dynamics,  environmental  chemistry,  trace  detection; 
spacecraft  structural  mechanics,  contamination,  thermal  and  structural 
control;  high  temperature  thermomechanics ,  gas  kinetics  and  radiation;  cw  and 
pulsed  chemical  and  excimer  laser  development  including  chemical  kinetics, 
spectroscopy,  optical  resonators,  beam  control,  atmospheric  propagation,  laser 
effects  and  countermeasures. 

Chemistry  and  Physics  Laboratory:  Atmospheric  chemical  reactions, 
atmospheric  optics,  light  scattering,  state-specific  chemical  reactions  and 
radiative  signatures  of  missile  plumes,  sensor  out -of -f ield-of -view  rejection, 
applied  laser  spectroscopy,  laser  chemistry,  laser  optoelectronics,  solar  cell 
physics,  battery  electrochemistry,  space  vacuum  and  radiation  effects  on 
materials,  lubrication  and  surface  phenomena,  thermionic  emission,  photo¬ 
sensitive  materials  and  detectors,  atomic  frequency  standards,  and 
environmental  chemistry. 

Computer  Science  Laboratory:  Program  verification,  program  translation, 
performance -sensi t ive  system  design,  distributed  architectures  for  spaceborne 
computers,  faul t -tolerant  computer  systems,  artificial  intelligence,  micro¬ 
electronics  applications,  communication  protocols,  and  computer  security. 

Electronics  Research  Laboratory:  Microelectronics,  solid-state  device 
physics,  compound  semiconductors,  radiation  hardening;  electro-optics,  quantum 
electronics,  solid-state  lasers,  optical  propagation  and  communications; 
microwave  semiconductor  devices,  mic rowave/ral l 1 imeter  wave  measurements, 
diagnostics  and  radiometry,  microwave/millimeter  wave  thermionic  devices; 
atomic  time  and  frequency  standards;  antennas,  rf  systems,  electromagnetic 
propagation  phenomena,  space  communication  systems. 

Materials  Sciences  Laboratory:  Development  of  new  materials:  metals, 
alloys,  ceramics,  polymers  and  their  composites,  and  new  forms  of  carbon;  non¬ 
destructive  evaluation,  component  failure  analysis  and  reliability;  fracture 
mechanics  arid  stress  corrosion;  analysis  and  evaluation  of  materials  at 
cryogenic  and  elevated  temperatures  as  well  as  in  space  and  enemy -1 nduced 
env  t  ronment  s . 

Space  Scienres  Laboratory:  Magnetospher l o ,  auroral  and  cosmic  ray 
physics,  wave  -par t i c l e  inter  art  Ions  ,  magnetospher lc  plasma  waves;  atmospheric 
and  ionospheric  physics,  density  and  composition  of  the  upper  atmosphere, 
remote  sensing  using  atmospheric  radiation;  solar  physics,  infrared  astronomy, 
infrared  signature  analysis;  effects  of  solar  activity,  magnetic  storms  and 
nuclear  explosions  fin  the  earth's  atmosphere,  ionosphere  and  magne t osphere ; 
effects  of  e l pc t romugne t i c  and  particulate  radiations  on  space  systems;  space 
i n  s  t  r  ume n  t  a  t ion. 


